V ascular endothelial growth factor (VEGF)-A and its receptors VEGFR1 (Flt-1), VEGFR2 (Flk-1/KDR), and neuropilin (NRP)-1 play critical roles in angiogenesis. 1 The tyrosine kinase VEGFR2 is a principal coordinator of adult neoangiogenesis that affects endothelial cell migration, capillary formation, and vascular permeability. 1 By contrast, a soluble splice variant of VEGFR1 can sequester VEGF-A, thereby negatively regulating angiogenesis. 2 Recently, soluble VEGFR2 was identified in supernatants of murine tumor cells and human plasma. 3 Given the importance of VEGFR2 and its coreceptor NRP-1 4 in angiogenesis, and because protein ectodomain shedding has emerged as a key posttranslational regulator of receptor function, 5 we sought to address whether these 2 VEGF-A receptors are shed, identify the responsible sheddases, and determine how shedding might affect VEGF signaling.
Materials and Methods
Please see the expanded Materials and Methods section in the online data supplement, available at http://circres.ahajournals.org, for a description of cell lines, culture conditions, growth factors, inhibitors, and antibodies used in this study. Moreover, the generation of alkaline phosphatase tagged substrates, as well as the shedding assay for their detection is described.
Results and Discussion
When alkaline phosphatase (AP)-tagged VEGFR2 was expressed in COS-7 cells, its ectodomain was shed, and its shedding could be stimulated by phorbol-12-myristate-13-acetate (PMA) and the calcium ionophore ionomycin (IM) ( Figure 1A ) and blocked by the metalloproteinase inhibitor marimastat (MM) ( Figure 1A ). Identical experiments with NRP-1-AP showed constitutive shedding with only weak stimulation by PMA but strong stimulation by IM via an MM-sensitive activity ( Figure 1B) . Similar results were obtained with untagged full length VEGFR2 or NRP-1 transfected into COS-7 cells ( Figure I in the online data supplement).
The PMA stimulation of VEGFR2 shedding indicated a possible role for ADAM17 (a disintegrin and metalloprotease 17), whereas the stimulation of the NRP-1-sheddase by IM, but not PMA, matched the properties of ADAM10. 6 Shedding of VEGFR2-AP from wild-type or Adam10 Ϫ/Ϫ mouse embryonic fibroblasts (mEFs) was stimulated by PMA, whereas less constitutive and almost no PMA-stimulated VEGFR2 shedding was seen in Adam17 Ϫ/Ϫ mEFs ( Figure 1C ). VEGFR2 shedding from Adam17 Ϫ/Ϫ mEFs could be rescued by ADAM17, but not by the inactive ADAM17 EϾA (supplemental Figure IIA) . Similar experiments with NRP-1-AP showed IM-stimulated shedding from wild-type and Adam17 Ϫ/Ϫ mEFs but only little IMstimulated shedding from Adam10 Ϫ/Ϫ mEFs ( Figure 1D ). Shedding of NRP-1-AP from Adam10 Ϫ/Ϫ mEFs was enhanced by ADAM10 but not by the inactive ADAM10EϾA (supplemental Figure IIB) .
Stimulation of the VEGFR2 activates signaling pathways such as the p42/44 and p38 mitogen-activated protein kinases, which also activate ADAM17; 7 therefore, we tested whether VEGF-A could stimulate VEGFR2 shedding. When full-length VEGFR2 and VEGFR2-AP were cotransfected into COS-7 cells, addition of murine VEGF-A stimulated VEGFR-AP shedding by Ϸ50% compared to unstimulated controls, or to cells expressing only VEGFR2-AP, which cannot bind VEGF ( Figure  2A ). Moreover, VEGF-A-stimulated VEGFR2-AP shedding from Adam17 Ϫ/Ϫ mEF cells was only observed after cotransfections of VEGFR2 and ADAM17, but not ADAM17 EϾA ( Figure 2B ). Finally, VEGF-A-stimulated shedding of other ADAM17 substrates from COS-7 cells cotransfected with VEGFR2 ( Figure 2C ), including intercellular adhesion molecule-1, CD40, transforming growth factor-␣, amphiregulin, 8, 9 tumor necrosis factor-␣, 8 and Tie-2 10 (see also supplemental Figure III) . Thus, stimulation of VEGFR2 by VEGF-A activates shedding of VEGFR2 and several other substrates of ADAM17. However, we found no evidence for a role of NRP-1 in regulating VEGF-dependent activation of ADAM10 or -17, at least under the conditions tested here (supplemental Figure IV) . To extend our analysis to endothelial cells, porcine aortic endothelial cells expressing human VEGFR2/KDR (PAE-KDR cells) were treated with PMA or VEGF-A, both of which stimulated shedding of VEGFR2 ( Figure 2D ). VEGF-A-stimulated shedding was sensitive to MM and an ADAM17-selective inhibitor (IN17) (Figure 2D ), 11 and was blocked by the MEK1/2 inhibitor U0126, the Akt inhibitor LY 294002, and the p38 mitogen-activated protein kinase inhibitor SB202190 ( Figure 2E ). Treatment of human umbilical vein endothelial cells (HUVECs) with PMA or VEGF-A also enhanced shedding of endogenous VEGFR2, and VEGF-Astimulated shedding was sensitive to MM and IN17 ( Figure 2F ). The response of the VEGFR2-sheddase in PAE-KDR and HUVECs to PMA and VEGF-A and its inhibition by 2 mol/L IN17 strongly implicates ADAM17 as the principal VEGFR2-sheddase in these endothelial cells, which both express ADAM17 (supplemental Figure V) , although a contribution of other enzymes sensitive to 2 mol/L IN17 cannot be ruled out. 
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To explore how shedding affects VEGFR2 signaling, HUVECs were stimulated with VEGF-A, with or without MM ( Figure 3A) or IN17 (supplemental Figure VI) . Western blot revealed strong initial phosphorylation of ERK1/2 at 5 and 15 minutes after adding VEGF-A with or without MM or IN17. However, after 30 and 60 minutes, phosphorylation of ERK1/2 was reduced by MM (nϭ6) or IN17 (nϭ4) compared to controls. To test whether VEGF-A/ VEGFR2 stimulated shedding of other ADAM17 substrates, such as ErbB-ligands, leads to prolonged ERK activation, alkaline phosphatase-tagged ErbB ligands known to be expressed in endothelial cells (heparin-binding EGF-like growth factor [HB-EGF], neuregulin1, and epidermal growth factor [EGF] 12 ) were transfected into PAE-KDR cells. VEGF-A enhanced the shedding of the ADAM17 substrates HB-EGF and neuregulin 1␤1 and -1␤2 but not of the ADAM10 substrate EGF ( Figure 3B and 3C) . 9, 13 Moreover, U0126 and SB202190 blocked VEGF-A-stimulated shedding of HB-EGF ( Figure 3C ). These results suggest that VEGFR2 stimulates the release of ErbB ligands via activation of ADAM17, providing a plausible mechanism for the prolonged ERK activation in response to VEGF-A, although other membrane anchored signaling molecules released by ADAM17 could also contribute to VEGFR2/ERK crosstalk.
In summary, this study demonstrates that VEGFR2 and NRP-1 are shed from various cell types, including endothelial cells and identifies the responsible sheddases. The release of soluble VEGFR2 or NRP-1 should decrease their availability on cells and simultaneously generate soluble decoys that could intercept VEGF-A, similar to soluble VEGFR1. 2 Moreover, VEGF-A/VEGFR2 stimulate ADAM17, resulting in shedding of VEGFR2 and other ADAM17 substrates, including ErbBligands. These results provide the first evidence, to our knowledge, for an ADAM17-dependent crosstalk between the VEGFR2 and ERK signaling, which extends the duration of VEGF-dependent ERK signaling, with likely consequences for migration and proliferation of endothelial and perivascular cells. Thus, the sheddases for VEGFR2 and NRP-1 could be novel targets for treatment of pathological neovascularization in cancer, rheumatoid arthritis, and proliferative retinopathies.
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